1. Introduction {#s0005}
===============

The Chersky range in NE-Russia delineates the plate boundary between the North American and Eurasian continents (e.g. [@bb0075]; [Fig. 1](#f0005){ref-type="fig"}). It is not only one of the seismically most active belts in the world, but also one of the least understood continental convergent plate margins (e.g. [@bb0195]). Numerous workers have attempted to characterize the geodynamic evolution of NE-Russia, with an emphasis on geophysical constraints focusing on this tectonically active zone (cf. [@bb0075; @bb0085; @bb0190]). One early model postulated that the spreading of the Arctic mid-ocean ridge (Gakkel Ridge) propagated into the Eurasian continent, forming the Eurasian--North American plate boundary (e.g. [@bb0080]). This continental rift model has been a matter of debate, since a growing body of evidence supports a modern geodynamic setting characterized by compressional and transpressional stresses (e.g. [@bb0045; @bb0060; @bb0195]). A switch from an extensional Arctic ridge related geodynamic framework to a compressional one during the Eocene is now widely accepted for the Chersky area ([@bb0190] and references therein), the timing, however, remains equivocal. Widely distributed alkaline volcanism through the Cenozoic to Recent times, in and adjacent to the Chersky range, has been described as 'rift-related' and was linked to the spreading of the Gakkel Ridge and its propagation into the North Asian continent ([@bb0070] and references therein). Alternatively, the geodynamics at this plate boundary setting combined with its regional magmatic nature can be related to active, incipient plume-induced rifting ([@bb0085]), instead of passive continental rifting. Additional, integrated and more profound geochemical and petrological data are required to further shed light on these competing models.

In this paper, we present new data for the timing, source and petrogenesis of the first known volcanic alkaline occurrence after the initiation of Early Eocene rifting along the Arctic mid-ocean ridge. Located in the Republic of Yakutia (NE-Russia), this occurrence was first discovered and described by [@bb0270] and called 'Volcano Ruditch'. The authors described the rocks from the region as alkali basanitic K--Na series, which contain abundant mantle xenoliths as well as eclogite xenoliths and augite/anorthoclase megacrysts. A whole-rock ^40^Ar/^39^Ar age of 36.65 ± 0.16 Ma from these volcanic rocks has been reported in [@bb0130], but without the corresponding methodological techniques, data tables or age spectrum. Apart from this date, no additional geochemical data were published on the volcanic rocks from Ruditch. In this contribution, we present mineral geochemical data on these alkaline rocks, including bulk geochemical major and trace elements, Sr--Nd--Pb--Hf isotopes, and K--Ar and ^40^Ar/^39^Ar geochronology; we then present a revised tectono-magmatic history of the region, integrating existing data. We address whether the volcanism in this highly debated area is related to active or passive rifting, whether it is influenced by plume or subduction activity and when it exactly occurred.

2. Geological and tectonic setting {#s0010}
==================================

Mantle xenolith-bearing alkali-basaltic remnants of a volcanic plug were sampled in Ruditch (N: 63° 44′ 05″, E: 143° 06′ 33″), a locality in the vicinity of the Indigirka River, 90 km south of the village Ust-Nera (Yakutia Republic, Russian Far East; [Fig. 1](#f0005){ref-type="fig"}). The area is part of the Chersky Range, which is mainly built up by crustal thickening and arc-related Late Jurassic granites ([@bb0015; @bb0135]). Those intruded into Triassic--Jurassic turbidite sequences during the Late Jurassic to Early Cretaceous collision of the Kolyma--Omolon superterrane (KO) against the Verkhoyansk (North Asian) Craton margin ([@bb0200]). The North Asian Craton (NAC) consists of an Archean to Proterozoic metamorphic basement, covered by undeformed Late Precambrian to Mesozoic sedimentary and volcanic successions. The Verkhoyansk fold and thrust belt (VFaTB) forms the eastern border of the North Asian Craton, comprising Devonian to Jurassic passive continental margin deposits. The Kolyma--Omolon superterrane originated primarily from the North Asian Craton, which rifted away in the Late Devonian to Early Carboniferous, before accreting again in the Late Jurassic. It consists of an Archean to Jurassic tectonic framework of continental margin, island arc and ophiolite terranes. Between the Kolyma--Omolon terrane and the Verkhoyansk fold and thrust belt lays the Verkhoyansk--Kolyma (VK) collage, a Late Paleozoic to Early Jurassic amalgamation zone, composed of distal formations of the passive continental North Asian margin ([@bb0200]). The Indigirka-Oloy (IO) assemblage crops out mainly on the margin of the Kolyma Omolon superterrane and consists of volcanic--plutonic belts and numerous sedimentary basins of Late Jurassic to Early Cretaceous age ([@bb0190]). In the Chersky Range, the Indigirka-Oloy assemblage is represented by the Uyandina--Yasachnaya arc, which was formed during migration of the KO superterrane towards the NAC and the subduction of an intermediate ocean basin. The Mid-Cretaceous to Paleogene Okhotsk--Chukotka Volcanic Belt forms a major Andean-type continental margin arc and extends over the modern southern continental border of Russian Far East to western Alaska. It is related to the subduction of the Paleo-Pacific ocean plate during Cretaceous beneath the modern North American continent. The Chersky Range forms the main collision belt, between the KO and the NAC superterrane and it is built up by a Late Jurassic to Early Cretaceous arc of plutonic and volcanic rocks ([@bb0135]).

The present-day North America--Eurasia plate boundary trends from the northern termination of the Mid-Atlantic Ridge to the southern margin of Russia\'s Far East, defined by a diffuse but highly active seismic zone ([@bb0075]). Rifting along the Arctic mid-ocean ridge or Gakkel Ridge (north extension of the Mid-Atlantic ridge) initiated at about 50 Ma and extended through the Laptev Sea to the modern Russian Far East continent ([@bb0310]). At that time, sea floor spreading extended from the Arctic Ocean, resulting in the North American--Eurasian Plate boundary and continued until the Eocene ([@bb0190] and references therein). The original idea of [@bb0080] and many other Soviet investigators (see [@bb0065]) that the Arctic mid-ocean ridge continues into the continent, with the Moma "Rift" as logical continuation of the Gakkel Ridge, was mainly based on geophysical and structural observations. It was later disproven by many authors (e.g. [@bb0045; @bb0195]), when it was demonstrated that the focal mechanisms determined for large parts of the Chersky Belt show thrust faulting with compression directions perpendicular to Chersky Mountains (SW--NE). The compressional stress regime in the area allows thrusting with minor components of strike-slip, but without extensional components ([@bb0065]). Recent seismo-tectonic observations from [@bb0060] indicate that the rift structure terminates at the continental shelf and that the area of the Moma "Rift" is presently under compressional or transpressional stress. Already during the Cenozoic, the Euler pole position has migrated ([@bb0190] and references therein), triggering these changes in the stress regime of the region. However, alkaline volcanism within or adjacent to the Chersky Range has been reported from Eocene through recent, interpreted as compositionally consistent with continental rift basalts and probably being related to rifting ([@bb0070] and references therein; [@bb0085]). Some of the Quaternary volcanic activity occurs up to historical time, and the Balagan-Tas is among one of the well-known volcanoes. [@bb0085] describes the Quaternary volcanic activity in the area as nearly coeval fissure eruptions, which are related to incipient active mantle upwelling, more than to historic or recent geodynamic processes in the area. On the continent, the present-day extensional regime of the Gakkel Ridge has changed to transpression in the Chersky seismic belt and bifurcates into two branches, a southeastwards trending left-lateral transpressional structure towards Kamchatka, and southwards trending right-lateral structure towards Sakhalin Island ([@bb0190; @bb0070; @bb0075]).

Our sampling locality lies adjacent to the main central Chersky seismic zone, the most seismically active part of the entire belt ([@bb0075]). Active faulting in the area of the Chersky Range is very complicated, preserving mainly NW--SE trending dextral and sinistral strike-slip faults as well as thrusts and axial normal faults, postulated as being probably related to the Mid-Arctic ridge spreading ([@bb0120]). The crust is thinnest along the central Chersky Range (33 km on average) compared to the \~ 40 km crustal thickness in the adjacent areas ([@bb0070] and references therein). [@bb0155] report a crustal thickness of 35 km in the area specific to our study. The aseismicity of the southern Okhotsk sea and the large strike-slip faults along the southern Eurasian and North-American Plate boundaries suggest the existence of an independent south-eastward extruding Okhotsk plate ([@bb0075], see inset of [Fig. 1](#f0005){ref-type="fig"}).

3. Analytical methods {#s0015}
=====================

3.1. Mineral composition {#s0020}
------------------------

Mineral phases and glasses were analyzed on a Cameca SX-100 EPMA (electron-probe microanalyzer; Department of Lithospheric Research, University of Vienna) equipped with one EDS and four WDS detectors on carbon coated polished thin sections. All measurements were performed against natural standards using an acceleration voltage of 15 kV as well as a beam current of 20 nA. Feldspar, feldspathoids and glass analyses were performed using a 6 μm defocused beam, minimizing the loss of K and Na. Olivine trace elements (Al, Ca, Ti, Cr, Ni, Mn and P) were analyzed in special runs using a 200 nA beam current at 20 kV acceleration voltage and 3 μm beam diameter. Matrix corrections were done based on Si, Mg and Fe measured previously on the same grains. The *San Carlos* olivine was repeatedly analyzed to control the quality of the data. Calculated limits of detection yielded 12 ppm for Al, 28 ppm for Ca, 30 ppm for Ti, 40 ppm for Cr, 65 ppm for Mn, 85 ppm for Ni and 32 ppm for P. For element distribution maps of P, WDS scans with a resolution of 256 × 256, 1 μm steps and 130 ms dwell-time were performed (beam conditions: 20 kV acceleration voltage and 200 nA beam current); Mg element maps were acquired with the EDS detector.

3.2. Major and trace elements {#s0025}
-----------------------------

Before analysis, xenoliths and sparsely distributed xenocrysts were carefully sorted out of the crushed host rock material. Bulk major element abundances of the alkaline rocks were analyzed with an X-ray fluorescence spectrometer Philips PW2400 (Department of Lithospheric Research, University of Vienna) equipped with a Rh excitation source. Fused glass beads were produced mixing 1 part sample with 5 parts flux (Li~2~B~4~O~7~). Geo-reference sample GSR-3 was repeatedly measured to control accuracy and precision of the analytical procedure (\< 2% relative error for all elements). Bulk trace elements were acquired on a Perkin Elmer Optima 5300DV ICP-OES (Department of Environmental Geosciences, University of Vienna) and a Perkin Elmer Elan 6100DRC ICP-MS (Department of Lithospheric Research, University of Vienna in cooperation with the Division of Analytical Chemistry, University of Natural Resources and Applied Life Sciences). Before analysis, the samples were digested in closed Teflon beakers using a mixture of HNO~3~--HF. Procedural errors \< 2% for all elements except for Th and Pb (\< 6%) were yielded, evaluated by replicate analysis of the geo-reference sample BHVO-2 and BCR-2.

3.3. Sr, Nd, Pb and Hf isotopes {#s0030}
-------------------------------

Strontium and Neodymium isotopes of the alkaline rocks from Ruditch were analyzed on a ThermoFinnigan Triton TI TIMS (Department of Lithospheric Research, University of Vienna) following the method detailed described in [@bb0280]. Measured standard values were ^87^Sr/^86^Sr = 0.710273 ± 0.000003 (n = 6) for NBS987 and Nd = 0.511846 ± 0.000001 (n = 6) for La Jolla.

Lead and hafnium isotopes were analyzed at the Department of Earth and Ocean Sciences (University of South Carolina). The samples were dissolved in a distilled HF:HNO~3~ (3:1) mixture in Teflon vessels. Lead was extracted first using HNO~3~--HBr acids in anion resin (e.g. [@bb0005]). The eluent containing Hf and the bulk rock matrix was dried down repeatedly with 6 N HCL and picked up in 3 N HCl + 0.05 M ascorbic acid for the Hf separation using a modified version of the [@bb1000] technique.

The Pb isotope compositions were determined on a Thermo Neptune MC-ICPMS with the Tl addition technique. The Pb sample solution was introduced with a 50 μl Teflon nebulizer (ESI, USA) running in a self aspirating mode, coupled to an APEX-Q (ESI, USA) system. The Pb isotope ratios were corrected for fractionation using ^203^Tl/^205^Tl = 0.418911 and the exponential law. The measured average ratios for the NBS 981 standard were: ^206^Pb/^204^Pb = 16.9367 ± 0.0011, ^207^Pb/^204^Pb = 15.4915 ± 0.0011, and ^208^Pb/^204^Pb = 36.6989 ± 0.0028 (2 standard deviations, n = 7, for a 40 ppb Pb solution, consuming \~ 30 ng Pb per run). The Pb/Tl ratio in the samples and Pb signal were kept near identical to the standard by first checking the Pb signal intensities and then adding Tl at the appropriate levels. Pb isotope ratios were then corrected for instrumental bias, based on the measured average ratios of the NBS 981 and the values reported by [@bb0285].

Hf isotopes were determined with the above instrument configuration. During the course of the measurements, the JMC-475 standard was determined at ^176^Hf/^177^Hf = 0.282159 ± 0.000013 (2 standard deviations, n = 9, 36 ng runs). No additional external correction was applied to the data.

3.4. ^40^Ar/^39^Ar dating and K--Ar geochronology {#s0035}
-------------------------------------------------

Carefully separated groundmass aliquots of the same samples that have been used to analyze mineral compositions and bulk geochemistry were prepared for ^40^Ar/^39^Ar analysis. Separation techniques included hand-picking of unaltered groundmass material in the size range 0.2--1.0 mm. Individual separates were loaded into aluminum foil packets along with a single grain of Fish Canyon Tuff Sanidine (FCT-SAN) to act as flux monitor (apparent age = 28.03 ± 0.28 Ma; [@bb0220]). The sample packets were arranged radially inside an aluminum can and then irradiated for 12 h at the research reactor of McMaster University, Canada, in a fast neutron flux of approximately 3 × 10^16^ neutrons/cm^2^. CO~2~ laser ^40^Ar/^39^Ar step-heating analysis was carried out at the Geological Survey of Canada laboratories in Ottawa, Canada. Upon return from the reactor, samples were removed from individual packets, loaded into individual 1.5 mm diameter holes in a copper planchet. The planchet was then placed in the extraction line, and the system evacuated. Heating of sample aliquots in steps of increasing temperature was achieved using a Merchantek MIR10 10 W CO~2~ laser equipped with a 2 mm × 2 mm flat-field lens. The released Ar gas was cleaned over getters for 10 min and then analyzed isotopically using the secondary electron multiplier system of a Nu Noblesse gas source mass spectrometer; details of data collection protocols can be found in [@bb0300; @bb0305]. Error analysis on individual steps follows numerical error analysis routines outlined in [@bb0240]; error analysis on grouped data follows algebraic methods of [@bb0225]. Blank measurements were made between samples or aliquots and a running average used to correct data. Neutron flux gradients throughout the sample canister were evaluated by analyzing the sanidine flux monitors included with each sample packet and interpolating a linear fit to arrive at a calculated J factor for a given sample position. The error on individual J factor values is conservatively estimated at ± 0.6% (2σ). Because the error associated with the J factor is systematic and not related to individual analyses, correction for this uncertainty is not applied until the calculation of dates from isotopic correlation diagrams ([@bb0225]). Uncertainties on decay constants and apparent age of monitor are not included in the quoted error. Our criteria for the determination of plateau ages are as follows: plateaus must include at least 60% of ^39^Ar released, respectively and they should be distributed over a minimum of three consecutive steps agreeing at 95% confidence level. Plateau ages are given at the 2σ level and are calculated using the mean of all the plateau steps, each weighted by the inverse variance of their individual analytical error. Integrated ages (2σ) are calculated using the total gas released for each Ar isotope.

Potassium--argon isotopic measurements were performed at NEISRI (Russian Academy of Science, Magadan). Before analysis, phenocrysts and xenocrysts of the seven analyzed samples were picked out, and the mineral fraction 0.1--0.25 mm was sieved. The fraction was processed using standard mineral separation techniques, including Frantz magnetic separation and heavy liquids. Nonmagnetic fractions containing olivine phenocrysts were removed to avoid potential excess argon. A magnetic fraction (\~ 5 g) was cleaned under a binocular microscope and separated into two equal 100 mg parts. Potassium analysis was done by atomic absorption spectroscopy analysis on an AAS-1 spectrometer. Argon isotopes were measured on an improved MI-1201 IG mass spectrometer using a reconstructed metal melting reactor, and glass vacuum tubes were used for extracting radiogenic ^40^Ar, ^36^Ar, and ^38^Ar spike with lower detection limit around 0.5--1 ng. Geo-reference samples MSA-11 and MSA-12 (Russian Academy of Science inter-laboratory standards, 290 Ma) were repeatedly measured to control accuracy and precision of the analytical procedure, giving uncertainties \< 1% for potassium and \< 2--5% for argon (age errors estimated as \< 2% for 75% of measurements). The decay constants of [@bb0250] were used to regress the ages.

4. Results {#s0040}
==========

4.1. Petrography and mineral compositions {#s0045}
-----------------------------------------

The alkaline xenolith-bearing host rocks from Ruditch have a very fine-grained groundmass with olivine as the only phenocryst phase. All present minerals, phenocrysts and groundmass phases, have little variation in composition in individual rock samples and within the whole rock suite. Representative EPMA mineral analyses demonstrating the narrow range of compositional variation of the minerals are summarized in the [Online supplement Table 1](#ec0010){ref-type="supplementary-material"}. Olivines are present as compositionally zoned phenocrysts (with Fo 83 in the core and around Fo 72 in the rim) and as fine grained homogeneous crystals (Fo 70) in the groundmass. Typically, the majority of the phenocrysts are euhedral and their size varies between 200 and 250 μm in diameter whereas groundmass olivines are anhedral and their size does not exceed 100 μm in diameter. The zonation from a more forsteritic core to a fayalitic rim composition can clearly be seen in the BSE image of [Fig. 2](#f0010){ref-type="fig"}A and B and the Mg element map of [Fig. 2](#f0010){ref-type="fig"}C. The high MgO abundances in the core (\~ 45 wt.%) are illustrated by the bright contrast due to high excitation, and darker gray at the rim (36 wt.% MgO). In general, the rim composition of the phenocrystic olivine is very close to the composition of the groundmass olivine generation. MnO concentrations in the phenocrystic olivine population range from around 0.2 wt.% in the core to 0.6 wt.% in the rim and Ni from 0.2 to 0.1 wt.%, respectively. An oscillatory, crystal lattice preferred zoning of phosphorous can be observed in the phenocrysts with P~2~O~5~ concentrations around 0.05 wt.%, which is absent in groundmass olivine ([Fig. 2](#f0010){ref-type="fig"}D). The core of the phenocrysts is generally enriched the most, with P~2~O~5~ between 0.2 and 0.3 wt.%.

Minerals of the groundmass are represented by clinopyroxene, nepheline, feldspar, Ti-magnetite, accessory apatite, and glass. The clinopyroxene laths are normally smaller than 50 μm and of En~41--40~Wo~49--48~Fs~12--10~ composition. TiO~2~ concentrations range from 1.6 to 2.4 wt.%, whereas Cr~2~O~3~ values average around 0.23 wt.%. Nephelines (Ne~26--24~Ks~5--4~Q~71--70~) and feldspars (Ab~55--52~An~5--6~Or~42--40~) grow interstitially and are generally smaller than 30 μm. The feldspars are close to anorthoclase composition, with 0.4--0.5 wt.% BaO and 0.8--0.9 wt.% SrO. The glass phases reflect a narrow compositional field with Na~2~O: 9.5 wt.%, Al~2~O~3~: 25 wt.% and SiO~2~: 54 wt.%, and low concentrations of Ba, Sr. Chlorine was not detected in any of the analyzed minerals and glasses. From petrographic observations, a crystallization sequence from olivine phenocrysts to groundmass Ti-rich clinopyroxene, Ti-magnetite, feldspar over nepheline to glass can be assessed.

4.2. Major and trace element composition {#s0050}
----------------------------------------

Major and trace element bulk rock concentrations of the host lavas from Ruditch are summarized in [Table 1](#t0005){ref-type="table"}. The samples show narrow compositional variability with high total alkalis (Na~2~O: 5.3--5.6 wt.% and K~2~O: 2.9--3.4 wt.%) and low SiO~2~ (SiO~2~: 44.6--46.0 wt.%), all plotting in the basanite field of the total alkalis vs. silica (TAS) diagram ([Fig. 3](#f0015){ref-type="fig"}A, after [@bb0140]). They have modestly high MgO (9.4--10.3 wt.%) and 13.7--15.8% normative olivine, consistent with a rather primitive nature and limited fractionation, which is confirmed by the fact that only olivine phenocrysts are present. The rocks have normative nepheline contents ranging from 19% to 23%, on the transition of basanites to nephelinites, based on the classification of [@bb0145]. However, due to the fact that SiO~2~ concentrations are not extremely low in these rocks (\~ 45.5 wt.%) and feldspar minerals seem to be the predominant phase in the mineral paragenesis, the alkaline rocks from Ruditch are more appropriate to be classified as basanites.

The homogenous nature of the rocks is also confirmed by the small variability in trace element concentrations. The homogeneity and high enrichment of trace-elements in the basanites from Ruditch is illustrated by the multi-element diagram of [Fig. 3](#f0015){ref-type="fig"}B and the REE diagram of [Fig. 5](#f0025){ref-type="fig"}A. The compatible trace elements Cr and Ni vary from 307 to 358 ppm and from 213 to 253 ppm, respectively. Barium concentration varies between 288 and 343 ppm, Rb between 42 and 50 ppm. The high field strength elements Zr (299--319 ppm), Nb (90--96 ppm), Th (8.1--9.2 ppm) and U (2.6--2.9 ppm) again indicate low compositional variation at relatively high element abundances. Lanthanum is 213--222 × C1 (Chondrite C1) and Lu ranges from 4.7 to 5.1 × C1, resulting in steep REE patterns, enriched in light rare earth elements (LREE) when normalized against chondritic composition ((La/Yb)~N~: 38--41.3).

Tectonic discrimination diagrams (e.g. Zr vs. TiO~2~ or Ba/Nb vs. Nb/Y --- not shown) assign the Ruditch basanites to typical intraplate lavas (e.g. [@bb0205]). According to [@bb0315], the overall trace element geochemical patterns as well as specific trace element ratios indicate OIB affinity (e.g. Zr/Nb: 3.32--3.39, Ba/Th: 35.24--40.17, Th/La: 0.16--0.18). Using the more recent discrimination trace element ratio systematics of [@bb0320], the Ruditch basanites show somewhat mixed characteristics with both HIMU-type ratios (Ba/Nb: 3.2--3.7 and Rb/Nb: 0.46--0.53), and EM-type ratios (i.e. high Rb/La: 0.812--0.953, Rb/Sr: 0.041--0.048, 1/Sr: 0.0009--0.001).

Trace element compositions and element ratios in the studied rocks indicate that no crustal contamination processes occurred (e.g. Nb: 89.5--95.6 ppm vs. Nb/U: 32.3--35.6 and Ce: 95--98.7 ppm vs. Ce/Pb: 24--26; [@bb0105]). Further, Ce/Pb and Nb/U ratios fall entirely within the range of OIB and show no influence from upper or lower crustal components ([@bb0275]).

4.3. Sr, Nd, Pb and Hf isotopes {#s0055}
-------------------------------

Measured Sr, Nd, Pb and Hf isotope ratios of the alkaline basalts from Ruditch are reported in [Table 2](#t0010){ref-type="table"}. The isotope data shows very little variability on all four isotopic systems. For a ^87^Sr/^86^Sr vs. εNd plot ([Fig. 4](#f0020){ref-type="fig"}A), the Ruditch basanites fall entirely within the OIB field with more radiogenic Nd (0.512896 to 0.512905) and unradiogenic Sr (0.703503 to 0.703571) isotope compositions compared to Bulk Earth, suggesting the involvement of a time-integrated depleted reservoir in their source. Compared to the geographically most adjacent alkaline rocks from the Viliga Volcanic field and the Balagan-Tas Volcano ([Fig. 1](#f0005){ref-type="fig"}), the Ruditch lavas are isotopically enriched with lower ^143^Nd/^144^Nd and higher ^78^Sr/^86^Sr. On a ^176^Hf/^177^Hf vs. ^143^Nd/^144^Nd plot ([Fig. 4](#f0020){ref-type="fig"}B), the samples plot near the center of the terrestrial basalt array. On a ^206^Pb/^204^Pb vs. ^87^Sr/^86^Sr plot ([Fig. 4](#f0020){ref-type="fig"}C), the Ruditch samples fall on the unradiogenic end of the OIB and MORB array and have lower ^206^Pb/^204^Pb ratios than any of the FOZO compositions (see [@bb0260] for discussion). On diagram of [Fig. 4](#f0020){ref-type="fig"}C, however, the Ruditch samples show a clear displacement towards the so-called EM-1 mantle end-member component (e.g. [@bb1005]) with relatively low ^206^Pb/^204^Pb for a given ^87^Sr/^86^Sr. However the lack of spread in the isotope data prevents us from better constraining the possible end-member components of the Ruditch magma source.

4.4. ^40^Ar/^39^Ar and K--Ar geochronology {#s0060}
------------------------------------------

We obtained six ^40^Ar/^39^Ar plateau ages ([Online supplement Fig. 1, Online supplement Table 2](#ec0005 ec0015){ref-type="supplementary-material"} and [Table 3](#t0015){ref-type="table"}) ranging from 36.0 ± 0.8 to 38.3 ± 0.6 Ma (2σ) with MSWD ranging from 4 to 16. The early heating increments for four of the six spectra yield older apparent ages until a plateau is reached, while the remaining two spectra are characterized by a single younger increment (\~ 10% of ^39^Ar) before the plateau is reached. The oldest sample (RU7) has the most poorly defined plateau almost possessing a hump-shape; nevertheless, its age is indistinguishable from the other samples. The Ca/K spectra exhibit a similar shape in all six samples. We note that the Ca/K spectra show slight error increase toward the higher temperature steps but this is likely to reflect compositional zonation of the material dated. The relatively high Ca/K ratios of the Ruditch groundmass samples, which are consistent with the low whole-rock K~2~O wt.% of our samples, tend to lower the precision on the age mainly because of the more important corrections for Ca interferences and the smaller ^39^Ar ion beams. Five of the six samples yield reliable Late Eocene (Priabonian) ages. Potassium--argon measurements yielded ages between 38 and 41 Ma ([Online supplement Table 3](#ec0020){ref-type="supplementary-material"}), which is in tolerable agreement with the higher precision ^40^Ar/^39^Ar geochronology.

5. Discussion {#s0065}
=============

5.1. Rapid emplacement and cooling {#s0070}
----------------------------------

Olivine occurs as euhedral phenocrysts ([Fig. 2](#f0010){ref-type="fig"}A) and as fine-grained anhedral groundmass crystals ([Fig. 2](#f0010){ref-type="fig"}B). The phenocrysts have Fo around 83 in the core decreasing to 72--71 in the rims, compositionally similar to the unzoned groundmass olivine, with Fo around 70. Calculating the theoretical olivine composition that is in equilibrium with the present bulk rock composition (olivine partition coefficients after [@bb0030]), a Fo index of between 84.5 and 85.6 is calculated. As this composition is very similar to the core composition of the phenocrystic olivines, we conclude that the cores of the phenocrysts, during initial growth, have been in equilibrium with a melt corresponding to the present whole-rock composition. The homogeneous groundmass olivine grew rapidly and contemporaneously with the phenocrystic rims in a very late state of cooling that can be inferred from their similar composition. The presence of phosphorous in the olivine phenocrysts indicates that olivine crystallized from a melt, enriched in phosphorous and depleted in SiO~2~. These olivines furthermore crystallized from this melt very fast and/or have been crystallized in a rapidly cooling unequilibrated system ([@bb0185]). The fact that P exhibits an oscillatory zoning, in contrast to Mg and Fe, is related to its ionic radius and the way of substitution within the crystal lattice ([@bb0035]). While Fe and Mg are distributed without preferences in the very similar M1 and M2 octahedral sites in a continuous reaction, P substitutes for Si in the tetrahedral position in association with an increase of the vacancy in the octahedral site. Therefore the oscillatory zoning of P is a function of substitution mechanisms in combination with crystal growth processes and the fact that P diffusion rates are very low allowing the preservation of the P oscillation. [Fig. 2](#f0010){ref-type="fig"} shows that the zoning of P appears to be asymmetrical in olivine compared to the one of Fe and Mg, which, in contrast to the P concentration, has the highest Mg and the lowest Fe contents coinciding with the morphological center of the crystal. We interpret this feature as an additional evidence for differential diffusion rates of Fe--Mg and P that furthermore confirms a system rapidly crystallizing with high cooling rates ([@bb0185]).

Both olivine phenocrysts and olivine groundmass minerals are relatively small grains due to the rapid crystal growth and fast cooling, which is confirmed also by the extremely fine-grained matrix (\< 50 μm). That all samples are ne-normative precludes significant fractionation in a crustal level and rules out contamination/assimilation by significant amounts of crustal material ([@bb0175] and references therein). From petrographic and mineral chemical observations as well as from bulk geochemical evidence, a rapid ascent of the magma through the crust and high cooling rates during emplacement of the magma can be inferred. The fact that the basanites are xenolith-bearing further indicates fast ascent from their segregation depth to the surface, and absence of magma chamber processes. The flat ^40^Ar/^39^Ar plateaus and consistent Late Eocene age for all the samples further support rapid emplacement and cooling of the Ruditch basanite suite.

5.2. Source characteristics and melt evolution {#s0075}
----------------------------------------------

The basanitic xenolith-bearing rocks from Ruditch are extremely homogeneous in terms of mineral, bulk major- and trace-element and even isotopic composition. The lack of any significant compositional variation, does not allow us to resolve differentiation (e.g. fractionation) or mixing trends. The compositional variation of MgO and SiO~2~, often used as basic differentiation indicators, is less than 1 wt.%. The same is true for the trace element abundances, which do not show any significant differences in the studied rocks. However, certain important aspects about the geodynamic setting, source and petrogenetic history of the volcanic suite can be developed.

The primitive mantle normalized multi-element diagram of [Fig. 3](#f0015){ref-type="fig"} illustrates decreasing element abundances with increasing element compatibility, patterns very typical for the different types of OIB (e.g. [@bb0050; @bb0320]). The lack of negative Eu anomalies argues against significant plagioclase fractionation. The high concentrations and slight positive anomalies (with respect to neighboring elements on a compatibility diagram) of Nb, Zr and Y imply that these melts were produced by a mantle asthenospheric source without significant involvement of crustal material. The steep normalized REE patterns ([Fig. 5](#f0025){ref-type="fig"}A) as well as the very high (La/Yb)~N~: 38--41 and (Dy/Yb)~N~: 2.8--3.0 ratios confirm this and a priori suggest extremely small melt fractions from a garnet-bearing mantle source (e.g. [@bb0040]).

Semi-quantitative melting models were produced to estimate the source composition of the studied rocks and to assess the degree of partial melting. [Fig. 5](#f0025){ref-type="fig"}A illustrates the results of a melting model and the composition of 0.5--2% melt fractions of a primitive mantle source in a chondrite-normalized REE multi-element diagram. Mantle composition, melting proportions and distribution coefficients are given in the caption of [Fig. 5](#f0025){ref-type="fig"}A. Based on their REE contents, the basanites from Ruditch can be modeled as \~ 1% partial melts, from a dry garnet peridotite. Taking the behavior of Zr, Nb and Y during partial melting into account and using the same parameters as for the latter model, an \~ 0.5% melting of a garnet lherzolite source is suggested ([Fig. 5](#f0025){ref-type="fig"}B). Neither petrographic (presence of phlogopite or amphibole) nor geochemical criteria (K- or Rb-negative anomalies in normalized multi-element diagrams) indicate the presence of hydrous and/or K-bearing phases during partial melting or fractionation during magma evolution, thereby suggesting that this garnet peridotite source must be also relatively dry. On grounds of the SiO~2~--CaO criteria proposed by [@bb0100], the presence of significant CO~2~ during melting can also be excluded. Our modeling suggests that the alkaline rocks of Ruditch represent quite primitive small volume melts from an anhydrous garnet peridotite source, without significant melt mixing or mingling, nor other types of compositional alteration and contamination.

Based on bulk major and trace element behavior and systematics, *en-route* crystal fractionation processes of olivine and eventually clinopyroxene during melt evolution of the parental magma are very difficult to assess due to the lack of compositional variation within the studied volcanic suite.

5.3. Pressure and temperature of melt generation {#s0080}
------------------------------------------------

Estimates of mantle potential temperatures are very useful to evaluate whether excess heat existed in the source during melt generation or rather ambient mantle temperatures were present. This is crucial to assess whether melting and magmatism occur due to lithospheric extension and passive asthenospheric upwelling, or alternatively thermally-induced active upwelling and melting. Mantle potential temperature for the primary magmas of the alkaline rocks from Ruditch were calculated using PRIMELT2 ([@bb0100]) yielding temperatures of \~ 1500 °C. Since a pyroxenite source or pyroxene fractionation of the primary magma is indicated during calculation (based on MgO vs. CaO criteria; for further reading see [@bb0100]), this temperature is likely to be biased. Our source modeling indicates a dominantly asthenospheric garnet peridotite source, but small degrees of clinopyroxene fractionation during melt evolution cannot be excluded. If the melts have lost some clinopyroxene during melt evolution due to high-pressure fractionation, even if only in small amounts, the temperatures are overestimated ([@bb0100]) and the mantle potential temperature for the source of the Ruditch melts is \~ 1500 °C, but more likely less. Hence, the calculated temperatures are in accordance with the average mantle geotherm (1376--1532 °C), indicative for upper mantle sources, likely to be thermally undisturbed by subduction or active mantle upwelling ([@bb0215] and references therein). Even if lower mantle potential temperatures are considered for the ambient mantle (1300--1400 °C, e.g. favored by [@bb0090]), a mantle plume source would show excess heat, fundamentally exceeding 1500 °C, and generating large degree partial melting at deep levels without the need of lithospheric extension ([@bb0090; @bb0215]).

During adiabatic upwelling, an \~ 1500 °C or cooler upper mantle would have to ascend to at least \~ 110 km to cross its dry solidus and initiate partial melting (e.g. [@bb0090; @bb0180]). A hotter mantle (with excess potential heat) would intersect the dry mantle solidus at much deeper levels, enhancing melting ([@bb0090]). To crosscheck and better constrain the pressure and temperature of melting, we calculated the melt segregation temperature and pressure using the methods of [@bb0020; @bb0210; @bb0150]. Thermobarometry after [@bb0150] yield segregation conditions of 1484--1499 °C (1490 °C in average) at 3.8--4.0 GPa (3.9 GPa in average) for the Ruditch basanites. Temperature estimates using the thermometer of [@bb0210] vary between 1451 and 1464 °C (1458 °C in average), very similar to the results from [@bb0150]. Pressure calculations based on the barometer proposed by [@bb0020] yield 2.6--2.9 GPa (2.7 GPa in average), approximately 1 GPa lower than the results from [@bb0150]. An underestimation of P estimates based on [@bb0020] was already noted by [@bb0150] for pressures exceeding 3 GPa. Both pressure estimates were converted to depths using the formula provided by [@bb0245], resulting in an average melt segregation depth of 133 km for the [@bb0150] and 88 km for the [@bb0020] barometer. Averaging all our calculated melt segregation depths, we obtain a depth of 110 km ± 25, which is in agreement with the hypothetical melting depths of a garnet peridotite source with \< 1500 °C potential temperature (based on the decompression pathways). These depths are consistent with the trace element systematics that require melting in the presence of garnet.

5.4. Mantle components {#s0085}
----------------------

Due to the isotopic homogeneity of our samples, it is difficult to delineate potential mantle end-members or mantle components in the source of the Ruditch basanites. However, the lack of any isotopic trend is consistent with a homogenous source for these basalts. Furthermore, the Sr, Nd, and Hf isotope ratios suggest a source that is depleted relative to bulk earth but more enriched relative to Depleted MORB Mantle (DMM), the source of MORB basalts. Lead isotope compositions combined with Sr or Nd--Hf isotopes suggest some contribution from an EM-I type source. In contrast, the proximal but much younger Neogene volcanics of the Viliga Volcanic Field ([@bb0290] and references therein) and the Late Quaternary Balagan-Tas volcano ([@bb0085]) indicate derivation from a more depleted source. The Miocene rocks from the Bering Sea Volcanic Province ([@bb0025]) also indicate a closer affinity to MORB, without being affected by an isotopically enriched component.

5.5. Tectono-magmatic implications {#s0090}
----------------------------------

The tectonic evolution and timing (initiation, duration and cessation) of specific geodynamic events in the Chersky belt is highly debated and sometimes controversial. Some authors interpret the geodynamic setting in the region as well as the formation of the North American--Eurasian Plate boundary as a result of rifting. This rifting, related to the Arctic Ocean spreading, is thought to spatially continue into the Asian continent, resulting in the complex stitch work of sutures and scars ([@bb0120]), with the Moma "Rift" as the continental continuation of the Arctic Rift ([@bb0080]). The sporadic alkaline volcanism in the area of the Chersky belt is thought to have evolved due to an intra-continent rift-like zone ([@bb0070]) that continued until Eocene, forming the North American--Eurasian plate boundary (Nokleberg and references therein). [@bb0060] however postulated that Mid-Arctic rifting terminates at the transition from the oceanic to the continental setting (in the Laptev Sea), reorganizing into the present-day transform and even compressional tectonic regime.

Based on the present data, which elucidates the source and petrogenesis of the alkaline rocks in the Ruditch region, it is challenging to decide whether the Eocene magmatism in the area could be related to a typical continental rift. Continental rift zone magmatism is in general triggered by either plume activity or lithospheric stretching ([@bb0295]). As a large number of (sub-)lithospheric sources may be involved in the generation of these magmas, which additionally may be metasomatized, depleted, recycled, contaminated and/or mixed, an extremely large variety of rock types (from nephelinites, carbonatites and lamprophyres plus all their differentiates) can be generated in such tectonic settings (e.g. [@bb0125] and references therein). Furthermore, large amounts of melts from chemically anomalous mantle sources, able to form massive magmatic provinces, are usually generated by typical rift-related alkaline magmatism, particularly when mantle plume activity is involved ([@bb0110] and references therein).

In contrast to typical intra-continental rift related rocks that tend towards extensive differentiation and variability (e.g. [@bb0170]), the Ruditch basalts indicate small degrees of partial melting of a relatively homogeneous, EM-I type dry garnet lherzolite source, without significant contribution of any other mantle or crust component, or signatures of advanced differentiation during magma ascent and crustal piercing. The ambient mantle potential temperature estimates do not suggest abnormally hot mantle (i.e. plume), able to promote deep seated and extensive partial melting ([@bb0090]). The lack of any subduction or crustal related geochemical signatures (e.g. HFSE depletions with accompanying LILE enrichments, such as high La/Nb or low Ce/Pb) argues against such tectonic processes and/or crustal interaction. Lava sources from the Basin and Range province of western North America have been distinguished based on La/Nb and Ce/Pb criteria, resulting in younger episodes of sub-lithospheric OIB like magmatism, and older volcanics that preserve a lithospheric mantle source signature ([@bb0055]). The basanites from Ruditch correlate with melts generated from a sub-lithospheric mantle source based on the La/Nb vs. Ce/Pb diagram ([Fig. 6](#f0030){ref-type="fig"}), once more confirming an asthenospheric source. The model of [@bb0085] that incipient mantle plume activity is responsible for the plate boundary in North-East Russia cannot be supported. Instead, the melt segregation temperatures/pressures as well as the calculated mantle potential temperatures are more consistent with passive asthenospheric mantle upwelling, and magmatism in Ruditch that is due to decompression melting.

Comparing the Ruditch basanites to other alkaline rocks of the region is challenging, because of the paucity of alkaline magmatic rocks in the area, and the variable ages of eruption. The Neogene basanites and nephelinites from the Viliga Volcanic Field, recently studied by [@bb0290], are almost 30 Ma younger, and also suggest asthenospheric sources. [Fig. 3](#f0015){ref-type="fig"}B shows that the trace element patterns of the samples from the Viliga Volcanic field are similar to the Ruditch samples, although those rocks were generated by slightly higher degrees of garnet peridotite mantle melting with melt contribution of shallower spinel peridotite partial melts. Based on the similar melt segregation conditions of 1495--1510 °C at 3.3--3.8 GPa, the basanites from the Viliga Volcanic Field ([@bb0290]) have been formed under comparable P--T conditions as the rocks from Ruditch. The lavas from the Pleistocene Balagan-Tas Volcano ([Fig. 4](#f0020){ref-type="fig"}), which are possibly related to destructive plate processes between the North American--Eurasian boundaries ([@bb0085]), are isotopically and geochemically more similar to lavas from the Viliga volcanic field than those documented here.

Our findings suggest that the alkaline magmatism in the Chersky Mountains is more likely the result of lithospheric stretching, passive mantle upwelling and decompression melting, probably related to the Arctic mid-ocean spreading, than the result of the subsequent lithospheric transpression and thrusting processes. The timing of volcanism suggests that the opening of the Mid-Arctic Ocean and its continuation in the Laptev Sea controlled rifting in the Chersky belt area at least until ca. 37 Ma. Isotopes, bulk major and trace element compositions as well as our melting scenarios and ambient mantle potential temperature calculations fit a tectonic model that indicates no involvement of subduction-related geochemical fingerprints or plume-related excess temperatures. To find an alternative explanation for magmatism is difficult based on our evidence and model calculations as melting would have to be triggered by deformation-related weakening of the lithosphere, in a geodynamic frame of a convergent crustal thickening. High seismicity and active tectonics (e.g. thrusting and strike-slip) are documented in the area, however, therefore melt generation under those conditions is unlikely.

6. Summary {#s0095}
==========

I)Bulk geochemical, petrographic and mineral geochemical features suggest a rapid ascent of the magmas from Ruditch and high cooling rates after emplacement in the crust.II)No evidence for crustal contamination processes, large amounts of crystal fractionation or mixing with other sub- or lithospheric components are exhibited in the Ruditch basanite suite.III)Petrogenetic modeling suggests that melts were likely produced by very low degrees of partial melting of an anhydrous garnet bearing asthenospheric source at around 110 km depth.IV)Sr--Nd--Pb--Hf and trace elements support the derivation of melts from a deep-seated homogeneous asthenospheric source that has been slightly enriched by an EM-I mantle component.V)Mantle potential temperature estimates ≤ 1500 °C essentially preclude subduction and/or mantle plume disturbed geotherms, and hence indicate passive upwelling of asthenospheric material.VI)The passive upwelling promoted decompression melting and is in all probability related to tensional stress and thinning of the lithosphere. Reliable emplacement ages of the alkaline rocks from Ruditch are ca. 37 Ma, thus opening of the Arctic Ocean could have had affected the region of the Chersky seismic belt at that time, before the stress regime changed to transpression that continues today.

The following are the supplementary materials related to this articleOnline supplement Fig. 1CO~2~ laser step-heating ^40^Ar/^39^Ar spectra of the basanites from Ruditch.Online supplement Table 1Compositional variations and representative analyses of minerals and glasses of the basanites from Ruditch.Online supplement Table 2CO~2~ laser step-heating ^40^Ar/^39^Ar data of the basanites from Ruditch.Online supplement Table 3K--Ar whole rock dating of Ruditch basanites.
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![Schematic geological map of NE-Russia showing main tectonic and magmatic units, as well as localities mentioned in the text ([@bb0075; @bb0190]). The different gray shadings and hatchings comprise the main tectonic units; the investigated outcrop is indicated with an arrow. The inset illustrates the present-day stress regime in the area.](gr1){#f0005}

![EPMA backscattered electron images and element mappings of representative olivine phenocrysts of the basanites from Ruditch. BSE image of an (A) olivine phenocryst and (B) groundmass olivine minerals. (C) shows a Mg mapping and (D) a P mapping of the olivine crystal of A.](gr2){#f0010}

![Major and trace element compositions of the Ruditch basanites (plotted with star-symbols). (A) Total alkalis vs. silica (TAS) diagram (after [@bb0140]). (B) Primitive mantle normalized multi-element diagram (PM composition after [@bb0165]). Data from the most adjacent locations with alkaline magmatism, the Viliga Volcanic Field (VVF; [@bb0290]) and the Balagan-Tas volcano (BG; [@bb0085]), are plotted for comparison.](gr3){#f0015}

![Sr--Nd--Pb--Hf isotope plots for basanites from Ruditch. (A) ^87^Sr/^86^Sr vs. epsilon Nd, (B) epsilon Nd vs. epsilon Hf and (C) ^206^Pb/^204^Pb vs. ^87^Sr/^86^Sr. The plotted data compilation is from [@bb0255], plus some recent data from the GEOROC database. The Ruditch data are from this study, Viliga Volcanic Field data from [@bb0290] and Balagan-Tas data from [@bb0085]. Please see the online version of the paper for a full color version.](gr4){#f0020}

![Melt modeling of the source of the Ruditch basanites. (A) Chondrite normalized REE diagram (C1 composition from [@bb0265]). Dashed lines show modeled melts (0.5%, 1%, 2%) from a garnet lherzolite using an incremental batch melting model at 0.1% melt increments. Average partition coefficients for olivine, garnet and orthopyroxene are taken from the high-pressure experiments (2.4--3.4 GPa) of [@bb0230; @bb0235], summarized in [@bb0115]. Clinopyroxene partition coefficients are from experiment 1097-5 of [@bb0235], where clinopyroxene coexists with orthopyroxene and garnet. Source mineralogy: olivine = 0.62, orthopyroxene = 0.15, clinopyroxene = 0.15, garnet = 0.08, and melting mode olivine = 0.028, orthopyroxene = − 1.18, clinopyroxene = 1.66, garnet = 0.492, following the arguments of [@bb0230]. (B) Zr/Nb vs. Nb/Y illustrating melting at 0.5, 1 and 2%, using the same model parameters as described for A.](gr5){#f0025}

![La/Nb vs. Ce/Pb in the basanites from Ruditch. Sub-lithospheric and lithospheric mantle fields comprise rocks of the Basin and Range province ([@bb0055]).](gr6){#f0030}

###### 

Whole-rock composition of the basanites from Ruditch.

                  RU1      RU2     RU4     RU4-1   RU6     RU7     
  --------------- -------- ------- ------- ------- ------- ------- -------
  XRF (wt.%)                                                       
                  SiO~2~   45.78   45.23   45.91   45.63   45.55   45.96
  TiO~2~          1.85     1.87    1.84    1.82    1.83    1.86    
  Al~2~O~3~       14.55    14.25   14.46   14.20   14.48   14.29   
  FeO^t^          10.25    10.43   10.31   10.20   10.32   10.47   
  MnO             0.17     0.18    0.17    0.17    0.17    0.17    
  MgO             9.45     9.95    9.55    9.35    9.65    10.31   
  CaO             7.88     7.95    7.85    7.88    7.90    7.96    
  Na~2~O          5.55     5.42    5.29    5.33    5.61    5.29    
  K~2~O           3.31     3.28    3.34    3.43    3.16    2.86    
  P~2~O~5~        0.95     0.96    0.96    0.96    0.97    0.97    
  Cr~2~O~3~       0.05     0.05    0.04    0.04    0.05    0.05    
  Total           99.8     99.6    99.7    99.0    99.7    100.2   
  LOI             0.77     0.73    0.90    0.84    0.95    0.68    
  Mg\#            62.2     63.0    62.3    62.1    62.5    63.7    
  ICP-OES (ppm)                                                    
                  Sr       1005    1089    1061    1107    1043    995.7
  Zn              123.1    121.1   119.1   126.5   118.2   120.6   
  Cu              30.6     29.98   29.52   33.67   28.13   29.49   
  Ni              214.3    233.1   217.4   213.2   219.3   252.5   
  V               149.5    148.7   142.7   150.4   144.1   149.3   
  Ba              301.6    326.9   342.3   343.3   314.1   287.9   
  ICP-MS (ppm)                                                     
                  Sc       12.74   12.94   11.52   12.30   12.87   11.93
  Ga              23.73    24.47   24.13   24.20   24.87   21.82   
  Rb              48.56    45.75   49.90   45.80   43.49   41.49   
  Y               20.52    19.83   20.57   20.70   20.65   20.09   
  Zr              314.9    301.0   311.5   318.8   319.2   299.4   
  Nb              94.40    90.72   93.81   95.59   94.26   89.50   
  Mo              24.74    25.09   25.74   25.39   22.29   22.25   
  Cs              0.80     0.67    0.91    0.84    0.68    0.80    
  La              50.98    50.49   52.62   52.65   52.65   51.07   
  Ce              95.50    95.03   98.66   98.55   98.60   95.84   
  Pr              10.72    10.57   11.01   11.03   11.00   10.64   
  Nd              44.09    43.77   45.45   45.43   45.56   43.74   
  Sm              7.65     7.63    7.82    7.93    7.92    7.65    
  Eu              2.41     2.34    2.43    2.46    2.43    2.35    
  Gd              6.81     6.75    6.93    7.03    6.99    6.85    
  Tb              0.88     0.86    0.87    0.89    0.90    0.87    
  Dy              4.08     3.94    4.08    4.14    4.11    3.99    
  Ho              0.65     0.63    0.64    0.65    0.65    0.63    
  Er              1.47     1.45    1.48    1.49    1.49    1.45    
  Tm              0.18     0.17    0.17    0.18    0.18    0.17    
  Yb              0.96     0.88    0.94    0.94    0.92    0.93    
  Lu              0.13     0.12    0.12    0.12    0.13    0.12    
  Hf              6.03     5.69    5.88    6.02    6.06    5.69    
  Ta              5.78     5.22    5.26    5.37    5.20    4.82    
  Pb              4.00     3.79    4.09    4.01    3.82    3.97    
  Th              8.52     8.14    9.22    8.63    8.88    8.17    
  U               2.66     2.55    2.91    2.70    2.89    2.55    

FeO^t^ = total iron; LOI = Loss on ignition; Mg\# = 100 × molar MgO/(MgO + FeOt).

###### 

Sr--Nd--Pb--Hf isotope ratios of the basanites from Ruditch.

                      RU1               RU2        RU4        RU4-1      RU6        RU7        
  ------------------- ----------------- ---------- ---------- ---------- ---------- ---------- ----------
  TIMS measured                                                                                
                      ^87^Sr/^86^Sr     0.703540   0.703503   0.703571   0.703511   0.703507   0.703549
  ^143^Nd/^144^Nd     0.512899          0.512904   0.512897   0.512905   0.512901   0.512896   
  ε Nd                5.1               5.2        5.0        5.2        5.1        5.0        
  Initial                                                                                      
                      ^87^Sr/^86^Sr     0.703487   0.703457   0.703519   0.703449   0.703464   0.703502
  ε Nd                5.5               5.6        5.5        5.6        5.6        5.5        
  MC-ICPMS measured                                                                            
                      ^206^Pb/^204^Pb   18.028                18.030                18.037     
  ^207^Pb/^204^Pb     15.476                       15.477                15.474                
  ^208^Pb/^204^Pb     38.013                       38.033                38.018                
  ^208^Pb/^206^Pb     2.108                        2.109                 2.108                 
  ^207^Pb/^206^Pb     0.858                        0.858                 0.858                 
  ^176^Hf/^177^Hf     0.283010                     0.283015              0.283016              
  Initial                                                                                      
                      ε Hf              9.2                   9.3                   9.4        

###### 

^40^Ar/^39^Ar ages of the basanites from Ruditch.

                         RU1            RU2            RU4            RU4-1          RU6            RU7
  ---------------------- -------------- -------------- -------------- -------------- -------------- --------------
  Total gas age (Ma)     36.83 ± 1.05   36.94 ± 0.61   37.71 ± 1.12   38.21 ± 0.90   36.78 ± 1.14   38.51 ± 0.88
  Plateau age (Ma)       37.10 ± 0.50   36.59 ± 0.39   35.95 ± 0.77   37.13 ± 0.84   37.08 ± 0.45   38.15 ± 0.54
  Plateau MSWD           15.26          11.57          6.97           16.72          12.99          4.06
  Plateau ^39^Ar Gas %   88             84             59             69             87             62
